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ABSTRACT
Antarctic marine species have evolved in one of the coldest and most
temperature-stable marine environments on Earth. They have long
been classified as being stenothermal, or having a poor capacity to
resist warming. Here we show that their ability to acclimate their
physiology to elevated temperatures is poor compared with species
from temperate latitudes, and similar to those from the tropics. Those
species that have been demonstrated to acclimate take a very long
time to do so, with Antarctic fish requiring up to 21–36 days to
acclimate, which is 2–4 times as long as temperate species, and
invertebrates requiring between 2 and 5 months to complete whole-
animal acclimation. Investigations of upper thermal tolerance (CTmax)
in Antarctic marine species have shown that as the rate of warming
is reduced in experiments, CTmax declines markedly, ranging from 8
to 17.5°C across 13 species at a rate of warming of 1°C day−1, and
from 1 to 6°C at a rate of 1°C month−1. This effect of the rate of
warming on CTmax also appears to be present at all latitudes. A
macrophysiological analysis of long-term CTmax across latitudes for
marine benthic groups showed that both Antarctic and tropical
species were less resistant to elevated temperatures in experiments
and thus had lower warming allowances (measured as the difference
between long-term CTmax and experienced environmental
temperature), or warming resistance, than temperate species. This
makes them more at risk from warming than species from
intermediate latitudes. This suggests that the variability of
environmental temperature may be a major factor in dictating an
organism’s responses to environmental change.
KEY WORDS: Climate change, Warming, CTmax, Invertebrate, Fish,
Polar
Introduction
The Antarctic marine environment is both one of the most stable and
one of the most variable on Earth. Temperatures at the highest
latitude sites, such as McMurdo Sound in the Ross Sea, range
annually by less than 1.5°C above a minimum of −1.9°C, the
freezing point of seawater (Hunt et al., 2003). Even the most
variable sites, in the maritime Antarctic, have a range across the year
of only 3–4°C, and this is between 5 and 10 times lower than the
most variable marine sites at lower latitudes (Clarke and Gaston,
2006). In contrast to this, seasonality of light and, as a consequence,
sea-ice cover and phytoplankton bloom intensity are amongst the
greatest on Earth, with phytoplankton biomass often varying by over
4 orders of magnitude seasonally to summer peaks in excess of
25 mg chlorophyll m−3 in near-shore sites (Clarke et al., 2008).
Conditions similar to this have existed in sites around Antarctica for
at least 15 and possibly 25 million years (Clarke and Johnston,
1996). Research over the past four decades has shown that these
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conditions have resulted in a fauna that is stenothermal and has a
poor capacity to resist elevated temperatures (Somero and DeVries,
1967; Peck, 2002). Such characteristics are of particular concern,
given the climate change effects and rates of warming seen in the
polar regions (Turner et al., 2009). In Antarctica, the region around
the Antarctic Peninsula is one of the fastest warming on Earth, with
air temperatures having risen by 3°C and sea surface temperatures
to the west of the peninsula having risen by 1°C over the last
50 years (Meredith and King, 2005).
Organisms can respond to environmental insult in a wide range of
ways, from biochemical buffering, through physiological
mechanisms and genetic adaptation to behavioural and ecological
modification. The importance of the entrained mechanism depends
on both the extent and time scale of the applied stress (Peck, 2011).
The most relevant of these in terms of responses to climate change
scale events has been argued to be phenotypic plasticity, primarily
from the acclimation of physiological processes to altered
conditions, and genetic adaptation that can be achieved by both
mutation and/or the transfer of genes within and between
populations (Somero, 2010). The balance of the importance of
phenotypic plasticity and adaptation is markedly affected by life
history characteristics such as generation time that affect the time
required for genetic modification to become effective (Peck, 2011).
Thus, in groups characterised by very rapid generation times such
as viruses, microbes and microinvertebrates, the need for phenotypic
plasticity to resist warming is small as genetic modification is rapid.
However, in species with long generation times, including many
marine ectotherms in polar regions, phenotypic plasticity or efficient
homeostatic mechanisms are essential. Thus, groups with generation
times measured in decades will require on average hundreds of years
for adaptation to be effective and survival will be dictated by the
possession of sufficient phenotypic plasticity, predominantly
acclimation, to resist for the necessary time (Peck, 2011). This
review addresses the current state of knowledge on the acclimation
ability and temperature tolerance of the Antarctic marine fauna,
concentrating on fish and macroinvertebrates. It begins with a
review of acclimation in marine ectotherms, which is followed by
sections on acclimation in Antarctic fish and invertebrates. The last
half of the review deals with upper lethal temperature limits (CTmax),
how they are assessed and the best methods for identifying long-
term CTmax. The final section deals with how long-term CTmax
varies across latitudes and shows that polar and tropical marine
species both have lower warming allowances over experienced
environmental temperatures than taxa from temperate latitudes
where annual temperature variation is higher.
Acclimation in marine ectotherms
Acclimation is the change from one stable physiological state to
another stable physiological state in experiments when conditions
are altered (Prosser, 1973; Schmidt-Nielsen, 1990). It is sometimes
confused with acclimatisation, which is the modulation of
physiological processes between long-term stable states in response
to changes in environmental variables in the field (Wilson and
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Franklin, 2002). Acclimation has been known and evaluated in
temperate species for over half a century (e.g. Brett, 1956). Over this
time it has been investigated in the marine environment using a very
wide range of approaches including long-term survival (e.g. Peck et
al., 2009a), behavioural or muscle performance metrics (e.g. Morley
et al., 2011), the stabilisation of metabolic rate (Bullock, 1955; Peck
et al., 2002; Robinson and Davison, 2008), the ability to perform
normal functions such as the complete processing of a meal (Peck
et al., 2008), by the use of a wide range of biochemical markers
including heat-shock proteins (e.g. Dahlhoff, 2004; Morley et al.,
2009; Dimitriadis et al., 2012), by the use of cellular or metabolomic
indicators (Chrousos, 1998; Lowe and Davison, 2005; Hudson et al.,
2008) and increasingly by the modulation of gene expression
(Nymark et al., 2009; Ravaux et al., 2012; Heinrich et al., 2012).
Whereas cellular and tissue components can acclimate at different
rates, complete acclimation at the whole-animal level to altered
temperature usually involves a change in acute thermal tolerance
(upper and lower critical and lethal temperatures, CTmin, CTmax,
UTL and LTL). This has been recognised for over 70 years (Fry et
al., 1942; Pörtner et al., 2007; Peck et al., 2010) and is a commonly
used metric to evaluate whole-animal acclimation. Acclimation
studies focusing on cellular or physiological functions provide
valuable information on thermal compensation of these functions
and form a very good basis for much comparative physiology aimed
at understanding thermal biology. They also allow acute responses
to be separated from the acclimated state and the time scale of
changes in rate functions to be evaluated (e.g. Schulte et al., 2011).
In this area the use of thermal performance curves has become
widespread and has provided insight into rates of compensation of
functions to altered temperature (e.g. Dell et al., 2011; Huey and
Kingsolver, 2011).
Acclimation in Antarctic fish
Acclimation has been demonstrated in a number of studies on
Antarctic fish, and several have examined acclimation using a
variety of different performance indicators. One of the first studies
of the effects of altered temperature on a physiological function
showed that burst swimming performance was not altered by
4 weeks exposure to either −1 or 4°C in Pagothenia borchgrevinki
(Wilson et al., 2001). Seebacher and colleagues (Seebacher et al.,
2005) then showed there was significant plasticity in cardiovascular
response and metabolic control that allowed P. borchgrevinki to
maintain locomotory performance after 4–5 weeks of acclimation at
4°C. Further work on this species showed that acclimation to 4°C
produced a cardiac output at rest that was stable when tested at
temperatures between −1 and 8°C (Franklin et al., 2007). The
maximum factorial of cardiac output stayed at −1°C, but was lower
after acclimation.
Robinson and Davison (Robinson and Davison, 2008) showed
that oxygen consumption (ṀO2) acclimated to 4°C in P.
borchgrevinki after 1 month such that resting ṀO2 was the same as
that at −1°C and recovery from exhaustive exercise was the same in
warm- or cold-acclimated fish. More recently, metabolic rate
stabilisation, mitochondrial function and acid–base regulation have
all been used to measure acclimation state in the fish Notothenia
rosii, where partial acclimation of metabolic rate was observed after
29–36 days at 7°C (Strobel et al., 2012).
At the whole-animal level, Bilyk and DeVries (Bilyk and
DeVries, 2011) used the change in CTmax to demonstrate that a range
of fish from both the high Antarctic at McMurdo Sound and the
maritime Antarctic on the Antarctic Peninsula were capable of
acclimating to 4°C (Fig. 1). CTmax was higher in the species from
the Antarctic Peninsula than in those from McMurdo Sound before
and after acclimation, but acclimation to 4°C had a larger effect on
CTmax in fish from the high Antarctic site than in species from the
Antarctic Peninsula (Bilyk and DeVries, 2011) (Fig. 1). These results
may initially seem surprising as the temperature regime differences
are small. At McMurdo Sound the range is −1.9 to −0.5°C whereas
the specimens in the study on the Antarctic Peninsula were from
near Anvers Island where the temperature range is −1.9 to around
+1°C (Clarke et al., 2008). However, environmental temperatures at
the time when measurements were made were similar at the two
sites (roughly −1.0 to −1.9°C) as the investigation on the Peninsula
was carried out in winter (July/August). Thus, a difference of around
1.5°C in summer temperature accounted for the differences seen in
CTmax and acclimation effect.
Further to this, Bilyk and DeVries (Bilyk and DeVries, 2011)
showed that the time needed for complete acclimation of CTmax was
between 5 and 20 days (Fig. 2). This is much longer than that
required for temperate species. Several early studies in the 1940s to
1980s showed that acclimation of CTmax in temperate and tropical
fish usually takes 2–5 days (reviewed in Schmidt-Nielsen, 1990).
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Fig. 1. CTmax of fish from McMurdo Sound in the high
Antarctic and the Antarctic Peninsula. Species were:
Pagothenia borchgrevinki, Trematomus pennellii, Trematomus
hansoni, Trematomus bernacchii, Lycodichthys dearborni,
Pachycara brachycephalum, Lepidonotothen nudifrons,
Lepidonotothen squamifrons, Gobionotothen gibberifrons,
Notothenia rossii and Notothenia coriiceps. Black bars indicate
environmental CTmax (from recently collected specimens) and
grey bars are for animals acclimated to 4°C. Data are shown
as means ± s.d. (s.d. is not shown for N. rossii as only two
specimens were available). Student–Newman–Keuls tests
were used to identify significant differences, which are
indicated by different lowercase letters. McMurdo Sound and
Antarctic Peninsula CTmax values were tested independently
and overlapping letters between these do not have any
meaning. Figure reproduced from Bilyk and DeVries (Bilyk and
DeVries, 2011) with permission.
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More recently Healy and Schulte (Healy and Schulte, 2012) showed
the killifish Fundulus heteroclitus requires 3–6 days for acclimation
of CTmax to a temperature change of 10°C, and this was the same for
populations from both northern and southern ends of the distribution
range. Acclimation to altered temperature thus appears to take
2–4 times longer in Antarctic fish compared with acclimation in
species from temperate latitudes.
Acclimation in Antarctic invertebrates
Studies of acclimation in Antarctic marine invertebrates have shown
possibly even more surprising results. Peck and colleagues (Peck et
al., 2010) held six species for 2 months at 3.1°C, which is 2.0°C above
average summer maximum temperatures, and only one species, the
gastropod Marseniopsis mollis, showed any change in CTmax
compared with controls at 0°C (Fig. 3). Furthermore, the brittle star
Ophionotus victoriae has been shown to be incapable of acclimating
to 2°C, as it could not survive more than a few weeks at this
temperature (Peck et al., 2009b). Morley and colleagues (Morley et
al., 2011) showed the limpet Nacella concinna from the Antarctic
Peninsula acclimated its CTmax to higher values after being held at
2.9°C for 9 months, when there was no evidence of whole-animal
acclimation after 2 months. To test this further, we held N. concinna
for 5 months at 0 and 3°C (Fig. 4). These trials were conducted in the
Antarctic winter and CTmax was evaluated at the start of the
experiment when the field temperature the animals had experienced
was −1.0°C. After 5 months both the 0°C controls and 3°C maintained
animals had a higher CTmax than animals evaluated at the start of the
experiment, and the 3°C group had a higher CTmax than the 0°C
controls (Fig. 4). Thus, whole-animal acclimation in N. concinna
appears to require more than 2 and less than 5 months to complete.
Experiments have also been conducted on acclimation in the
Antarctic urchin Sterechinus neumayeri, at Rothera Station,
Adelaide Island, Antarctic Peninsula, where CTmax declined slightly
compared with controls after specimens were held for 3 months at
2°C, indicating no whole-animal acclimation (Fig. 5A); however, in
a second experiment, CTmax was higher in specimens held for
6 months at 3°C than in controls at 0°C (Fig. 5B). The first of these
trials on urchins was conducted in summer, whereas the second was
in winter. Interestingly, the acclimated CTmax at 3°C in the winter
experiment (Fig. 5B) was very similar to all three CTmax values
(start, 3 months 0°C control and 2°C experimental) from the summer
trial (Fig. 5A). This possibly suggests that the value found in
summer and the 3°C-acclimated group in winter is the limit for
acclimating CTmax in this species at this site. The site where this
study was made is in a region where sea temperatures have
increased by 1°C over the last 50 years (Meredith and King, 2005).
Consequently, these acclimation data may be significant in terms of
the capacity to respond to further environmental warming. However,
the overall picture for Antarctic marine invertebrates is one where
it appears that they have a very poor capacity to acclimate CTmax,
and in the species where acclimation has been demonstrated they
require inordinately long times, from 2 to 5 months to do so, much
longer than is required in Antarctic fish. However, it should be noted
that successful acclimation has only been observed in a very limited
number of Antarctic marine invertebrates. This, together with the
data for the brittle star Ophionotus victoriae showing it does not
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Fig. 2. Change in CTmax during acclimation of three species
of fish from McMurdo Sound while held at 4°C. Points indicate
mean ± s.d. CTmax. The light grey line on each plot shows the
expected CTmax from the non-linear regression analysis.
Reproduced from Bilyk and DeVries (Bilyk and DeVries, 2011)
with permission.
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survive long term at 2°C (Peck et al., 2009b), which is less than 2°C
above the average annual temperature at that site, suggests that some
species will not be able to acclimate to even small rises in sea water
temperature.
CTmax and estimations of long-term thermal tolerance
Acclimation experiments generally require animals to be held long
term in experimental facilities. This can be problematical for non-
model species, where often little, if anything, is known about their
husbandry, and living in confined environments may produce tank
effects. Hence, alternative methods need to be explored to evaluate
the resilience of these species to long-term temperature increases.
Several studies have investigated the relationship between species
or population thermal tolerance (CTmax) and geographic range, and
most have found the two to be correlated (e.g. Kimura, 2004;
Angilletta, 2009; Jones et al., 2009). This is probably because
physiological tolerance, when assessed using metrics such as
activity, decline with temperature above and below an optimum in
a similar fashion to CTmax (e.g. Ansell et al., 1981; Peck et al.,
2004), and there is a hierarchy of temperature tolerance with
physiological scale where whole-animal CTmax is lower than limits
for tissues and then cellular level processes, and the different levels
appear to be linked in a cascade (Pörtner et al., 2007). Thus, for
populations living at sites where temperatures are either above or
below optimum, the capacity to perform the required normal
functions and activities declines.
The first investigation of CTmax in Antarctic marine ectotherms
showed that fish had a poor capacity to resist warming and could not
survive long term at temperatures higher than around 5–6°C
(Somero and DeVries, 1967). Since this pioneering work, Antarctic
fish and marine ectotherms have been recognised as being
stenothermal, and significantly less tolerant of warming than lower
latitude species (Clarke, 1991; Peck, 2002; Pörtner et al., 2007;
Somero, 2010). More recent studies, however, seemed to show more
equivocal results. Urban and Silva (Urban and Silva, 1998) found
temperature tolerance limits (CTmax) for N. concinna and the clam
Laternula elliptica above 15°C, and Abele and colleagues (Abele et
al., 2001) measured the effects of oxidative stress in the bivalve
Yoldia eightsi at temperatures up to 11°C, whereas Peck and
colleagues (Peck et al., 2004) showed that both N. concinna and L.
elliptica were incapable of completing essential activities (righting
in limpets and burying in clams) at temperatures above 5°C.
Furthermore Peck (Peck, 1989) showed that the brachiopod
Liothyrella uva seemed capable of surviving extended periods at
3.0°C, but not 4.5°C, whereas the limpet N. concinna survived slow
warming over 150 days to 7.5°C but not a subsequent rise to 9.0°C.
Much of the confusion in this field was resolved when Peck and
colleagues (Peck et al., 2009a) showed that CTmax varied with the
rate of experimental warming in 14 species of Antarctic marine
invertebrates from six phyla, and this appears to be a general
phenomenon. CTmax declined at slower rates of warming (Fig. 6).
Across all species studied, CTmax ranged from 8 to 17.5°C at a
warming rate of 1°C day−1. However, this declined to 3.5–12°C at a
rate of 1°C week−1 and to 1.0–6.0°C at 1°C month−1. Earlier studies
that had found unexpectedly high CTmax values for stenothermal
Antarctic ectotherms had employed the faster rates of warming.
Performing non-linear exponential regression analyses
[CTmax=a–b exp(–cR), where R is the rate of change and a, b and c
are constants (Richard et al., 2012)] on these data allowed
extrapolation of long-term thermal limits in excess of a year to be
predicted at 3.3°C, which is around 3°C above average summer
maxima at this site. Hence, these analyses enabled predictions to be
made of the plasticity required in species’ ability to acclimate to
higher temperatures and in a much wider range of species than was
possible with long-term experimental acclimation experiments.
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Fig. 3. CTmax for six species of Antarctic marine invertebrates. Species
were: Yoldia eightsi, Heterocucumis steineni, Liothyrella uva, Sterechinus
neumayeri, Paraceradocus gibber and Marseniopsis mollis. Each point
represents the temperature at which an individual became unresponsive to
external stimuli. For each species, data are shown for two groups where N
was between 13 and 27. The control group had been held in ambient
temperatures (–1.2 to +1.3°C) for 60 days, whereas the experimental
(acclimated) group had been held at 3°C for 60 days. Differences between
the 3°C-acclimated group and the control group were not significant for 
Y. eightsi (t=1.44, 39 d.f., P=0.16), H. steineni (t=0.48, 38 d.f., P=0.64), L. uva
(t=–0.11, 29 d.f., P=0.92), S. neumayeri (t=–0.01, 46 d.f., P=0.99) and 
P. gibber (t=–0.24, 21 d.f., P=0.81). They were, however, significant for 
M. mollis (t=10.9, 40 d.f., P<0.001). Figure from Peck et al. (Peck et al.,
2010).
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Fig. 4. CTmax values for the limpet Nacella concinna. Each point
represents the temperature at which an individual became unresponsive to
external stimuli following warming at 1°C day−1. Data are for animals recently
collected from an ambient temperature of −1.0°C (filled circles), and for
specimens held for 5 months at 0°C (open circles) or at 3°C (filled triangles).
All three groups passed homogeneity of variance (Levene’s test=0.65,
P=0.53) and normality (Bartlett’s test=0.93, P=0.63) tests but were
significantly different (ANOVA, F21,2=61.9, P<0.001); the 0°C control values
were higher than the start values, as were the 3°C group values, and the 3°C
group values were higher than the 0°C control values (in all cases Tukey,
P<0.05).
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Warming allowances and estimations of thermal resilience
The capacity to acclimate to altered conditions (physiological
plasticity) is currently of great interest (e.g. Angilletta, 2009;
Somero, 2010). However, acclimation capacity varies with several
factors such as physiological condition and season (e.g. Wilson and
Elkain, 1991; Cuculescu et al., 1998; Rajagopal et al., 2005; Healy
and Schulte, 2012). Furthermore, experiments evaluating the
capacity to acclimate rarely measure the highest temperature that
organisms are capable of achieving through acclimation. Because of
these factors, experiments demonstrating acclimation to a given
temperature may be poor estimates of the highest temperatures for
long-term survival in a population or species, and the method of
identifying long-term CTmax from experiments at different rates of
warming is likely to be better in this respect.
Richard and colleagues (Richard et al., 2012) used the same
approach as Peck and colleagues (Peck et al., 2009a) to evaluate
CTmax at different rates of warming in marine invertebrates across
four temperate and one Antarctic locality. They used a non-linear
model: CTmax=a–b × exp(–cR) (where CTmax is the temperature at
which 50% mortality occurred, R is the rate of temperature change
expressed in day per °C and a, b and c are constants). This allowed
the estimation of a long-term CTmax that incorporated the data from
faster rates of warming in the calculation. This is a better estimate
of long-term survival than point estimates of acclimation capacity
as it allows factors such as physiological condition or seasonal
influences to be averaged out and reduces their bias on the estimate.
It also provides an estimate of maximum long-term CTmax that is
rarely obtained from acclimation studies.
Richard and colleagues compared their estimates of long-term
CTmax with experienced maximum habitat temperature to calculate
the ‘warming allowance’. This is calculated as the difference
between maximum experienced temperature and maximum long-
term CTmax and is the buffer that the species or population has in its
physiological capacity over current environmental temperatures. It
is similar to the warming tolerance of Deutsch and colleagues
(Deutsch et al., 2008), but uses an estimate of long-term CTmax
calculated using data collected for many rates of warming. This
warming allowance varied from just over 3°C for Antarctic species
to over 9°C for a cool temperate environment. Interestingly, it was
8.7°C for a warm temperate site on the coast of Peru, but fell to
2.9°C during an El Nino event where average sea temperatures
dramatically increased in an unpredictable fashion and significant
mortalities in several species occurred.
Nguyen and colleagues (Nguyen et al., 2011) evaluated CTmax
across a range of different warming rates in tropical marine and
intertidal species. For the 13 fully marine species studied, the
average long-term CTmax was around 35°C, and for the most
sensitive species, the sea urchin Temnopleurus toreumaticus, this
was between 29.4 and 32.4°C. The maximum habitat temperature
experienced by these species during the 3 months of their study was
31°C. The maximum weekly sea temperature recorded for
Singapore between 1981 and 2010 was slightly above 31°C (Guest
et al., 2012), and although temperature variation at this site is small,
the absolute maximum experienced over this time was likely to have
been between 31 and 32°C. The warming allowance for marine
species around Singapore is thus 3–4°C and for the most sensitive
species 0–1.4°C. When warming allowance values are compared for
marine sites from the tropics to the poles, an interesting pattern is
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Fig. 5. CTmax values for the urchin S. neumayeri. Each point represents
the temperature at which an individual became unresponsive to external
stimuli following warming at 1°C day−1. (A) Data for animals at the start of the
trial and groups held at either 0 or 2°C for 3 months; (B) specimens at the
start of the trial or held for 6 months at 0 or 3°C. In A there were no significant
differences between the start group and the group held at 0°C for 3 months,
but the group held at 2°C for 3 months had a lower CTmax than either of the
other two groups (ANOVA F67,2=7.11, P=0.002; Tukey: start vs 0°C control,
P>0.05; start vs 2°C group P<0.05; 0°C control vs 2°C group P<0.05). In B,
data failed normal distribution and homogeneity tests (Levene’s test=25.0,
P<0.001; Bartlett’s test=9.61, P=0.008). However, a non-parametric
Kruskal–Wallis test shows 0°C controls were not significantly different from
the start group (H=20.27, 2 d.f., P<0.001), but the 3°C group values were
significantly higher than those of the 0°C controls (Mann–Whitney, W=56.0,
P=0.0002).
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Fig. 6. CTmax values (upper temperature limit) for 14 species of Antarctic
marine invertebrates at three different rates of warming. Figure adapted
from Peck et al. (Peck et al., 2009a).
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obtained where both the tropics and polar sites have low values of
around 3–4°C and the temperate sites between have higher values
between 6.2 and 9.7°C (Fig. 7). Interestingly the site in Peru is
strongly affected by the El Nino oscillation, and the warming
allowance here is usually 8.7°C, but during the El Nino this falls to
2.9°C, a value similar to those reported for Antarctica and Singapore
(Fig. 7). This low value for Peru during the El Nino coincides with
a period when there are significant mortalities in marine species in
this region. It is similar to the values for Antarctic and tropical
species (Fig. 7) and although it occurs for different reasons it
reinforces the concept that a warming allowance of around 3°C
indicates species are living close to their physiological limits.
The approach taken in the studies of Peck et al. (Peck et al.,
2009a), Richard et al. (Richard et al., 2012) and Nguyen et al.
(Nguyen et al., 2011) is to assess multiple species at a given site and
to produce measures of CTmax at an assemblage or community level.
Previously, it has been argued that to assess resistance to
environmental warming requires tightly phylogenetically controlled
studies using within-genus comparisons (e.g. Somero, 2010;
Somero, 2012). However, comparisons across latitudes from the
tropics to high polar sites are difficult in this respect because of the
lack of genera that span this range, and the macrophysiology
assemblage level approach has significant merit in this respect.
The current paradigm is that tropical species are more at risk from
warming than those from higher latitudes. This was demonstrated for
congeneric porcelain crabs (genus Petrolisthes) along the Pacific coast
of the USA (Stillman and Somero, 2000; Stillman, 2003).
Furthermore, in intertidal habitats, species inhabiting warmer,
generally higher intertidal sites appear to have less resistance to
warming (see Helmuth, 2009), and comparisons of subtidal and
intertidal congenerics have shown that the intertidal species are less
resistant than subtidal ones (e.g. Dong and Somero, 2009). In
terrestrial studies, species from lower, warmer latitudes also appear
less resistant to warming than those from higher, cooler latitudes
(Deutsch et al., 2008; Tewksbury et al., 2008). In contrast, the data
from Fig. 7 presented here indicate that both tropical and Antarctic
marine species are less resistant than those from intermediate latitudes.
This would support the thesis that species from less variable
temperature environments have less phenotypic plasticity to respond
to warming, the environmental variability hypothesis where high
environmental variation selects for flexibility in life history
characteristics (e.g. Stearns, 1992). An environmental variability
analysis would also fit the responses seen in terrestrial species, as
higher latitude terrestrial environments tend to be more temperature
variable than those from lower latitudes, a point also noted by
Tewksbury and colleagues (Tewksbury et al., 2008), and also raised
in the context of marine species by Somero (Somero, 2010). It does
seem contrary to results for subtidal versus intertidal and some purely
intertidal studies and this may be because the species studied there
have a marine evolutionary history. In this respect it would be
important to investigate terrestrial species that have invaded the
intertidal zone, such as the intertidal spiders of the family Desidae.
In the studies reviewed here, individuals had little opportunity to
employ behavioural regulation during trials. Thus, what is measured
is the accumulation of thermal stress as a function of time by
temperature. Individuals in wild conditions may have the opportunity
to move away from thermally stressful situations, although this is a
less likely option in areas like the Southern Ocean where temperatures
vary little over large distances. Furthermore, migration is likely to
move them to sub-optimal conditions in terms of other factors such as
predation or competition (Angilletta, 2009), which would reduce
survival in the long term. The capacity for adaptation by modification
of the genome at the population level has also not been addressed, and
this is likely to be more important for species with short generation
times, especially those with multiple generations per year (Peck,
2011). Antarctic species with long generation times and slow growth
and development times (see Peck, 2002; Peck et al., 2006) are likely
to be restricted in this respect. However, the analyses of phenotypic
plasticity to resist warming reviewed here would suggest that
Antarctic marine species are impaired compared with lower latitude
assemblages, and that the areas most vulnerable to warming in marine
benthic groups are tropical and Antarctic.
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